Abstract. Atmospheric angular momentum (AAM) and length of day (LOD) series are investigated for their characteristics on interannual time scales during the half-century period 1949 to 1998. During this epoch, the interannual variability in LOD can be separated naturally into three bands: a quasi-biennial, a triennialquadrennial and one at six-seven years. The atmosphere appears to excite the ®rst two bands, while it does not contribute to the last. Considering the quasi-biennial (QB) band alone, the atmosphere appears to excite most of its signal in LOD, but it arises from separatē uctuations with stratospheric and tropospheric origin. Thus, although close in frequency, stratospheric and tropospheric processes dier in their amplitude and phase variability. The time shift can be noted especially during the strong El NinÄ o events of 1982±83 and 1997± 98 when both processes have positive phase and thus combine to help produce particularly strong peak in AAM and LOD. In addition, we have recon®rmed the downward propagation in the stratosphere and upward propagation in the troposphere of AAM observed in earlier studies for other variables. In the triennialquadrennial (TQ) band, time-variable spectral analyses reveal that LOD and AAM contain strong variability, with periods shorter than four years before 1975 and longer thereafter. This signal originates mainly within the troposphere and propagates upwards from the lower to the higher layers of the troposphere. According to a zonal analysis, an equatorial poleward mode, strongly linked to the SOI, explains more than 60% of the total variability at these ranges. In addition, this study also indicates that an equatorward mode, originating within polar latitudes, explains, on average, more than 15% of the triennial-quadrennial oscillation (TQO) variability in AAM, and up to 30% at certain epochs. Finally, a six year period in LOD noted in earlier studies, as well as in lengthier series covering much of the century, is found to be absent in atmospheric excitations, and it is thus likely to arise from mantle/core interactions.
Introduction
Atmospheric angular momentum (AAM) as a fundamental geophysical parameter, measures the intensity of the zonal circulation. Its maintenance against dissipation has long been at the forefront of meteorological research. Starr (1948) recognises that conservation of the angular momentum in the solid Earth-atmosphere system, would require than an increase in AAM be accompanied by a decrease in the rotation rate of the Earth and hence an increase in the length of day (LOD) .
Small¯uctuations in the LOD, which were only inferred indirectly on the basis of positional astronomy several decades ago (e.g. Stephenson and Morrison, 1995) , have become more accurately measured since the introduction of the atomic clock. The precision has improved even more dramatically since the advent of space-based measurements in the 1970s. Thus, measurements of LOD exhibits variations of a few milliseconds on time scales from days to years, whose precision has improved continually in times to 0.02 ms for the present values (IERS, 1998) . Contemporary reviews of the variation in the Earth's rotation and its connection with atmospheric processes has been given by Wahr (1980) , Hide and Dickey (1991) , Rosen (1993) and Eubanks (1993) .
The impact of the atmosphere on the rotation of the Earth can be studied by two conceptually related but dierent approaches: by calculating the torques that dynamically exchange angular momentum between components, and by studying the balance of the angular momentum itself. In the torque approach, normal pressure gradient forces and tangential stresses exert on the Earth's surface, and body gravitational forces exert additional body torques, though of considerable smaller amplitude. Such torques may be related to both the Earth's and atmosphere's rate of change of angular momentum, which in a closed system would be equal and opposite. The equivalence of these approaches has been described by Munk and MacDonald (1960) and Lambeck (1980) , and highlighted recently by DeViron et al. (1999) . The excitation functions for the torque approach, however, are complex, and, moreover, cannot be evaluated simply from routine meteorological data, since stresses must be estimated principally through atmospheric modelling (Wahr and Oort, 1983) . However, Barnes et al. (1983) direct treatment of the excitation functions for the angular momentum approach introduces the eective atmospheric angular momentum (EAAM) functions which can be evaluated from routine meteorological data (Salstein et al., 1993) . The relation between LOD variability and that of AAM is a direct proportionality given the assumption that the solid Earth and atmosphere form a closed dynamic system. This excitation includes eects of motion and mass in the following two integrals, respectively (Barnes et al., 1983) DLOD R Here R is the radius of the Earth, C the principal moment of inertia of Earth's mantle plus crust, X the mean rate of rotation of the Earth, g the acceleration due to gravity, p s atmospheric surface pressure and u the zonal winds. In the motion part, the dominant term on most time scales, the zonal winds are integrated over all latitudes, u, longitudes, k, and pressures, p. The second term, related to changes in the mass distribution of the atmosphere by using the surface pressure values, plays a much smaller role in LOD variations on most time scales, because of the relatively stable zonal mean pressure distribution and therefore it is not considered in what follows. The in¯uence of other geophysical uids are also assumed to be unimportant here. The AAM and LOD series have clear variability at interannual time scales (Eubanks, 1993) , with an important process on these scales recognised to be associated with El NinÄ o/Southern Oscillation (ENSO) phenomena, as investigated ®rst by Stefanick (1982) and Chao (1984) . Another well-known source of variability is associated with the atmospheric quasi-biennial oscillation (QBO), a signal with a somewhat variable period about two-year (Trenberth, 1980) . However, despite the known existence of zonal winds alternations with nearbiennial scales in the equatorial stratosphere and observations with the same periodicity in surface parameters (Landsberg, 1962) , quasi-biennial (QB) signals in Earth rotation were not detected until Iijima and Okazaki (1966) . Later, Chao (1989) related Earth rotation to a combination of two interannual signals, those of the Southern Oscillation (SO) and the stratospheric quasibiennial oscillation (S-QBO); both atmospheric phenomena were required to explain the major interannual variability in LOD.
The atmospheric component of ENSO, the Southern Oscillation, is one of the prominent climate anomalies in the equatorial atmosphere. It is characterised by alternate variation of sea level pressure anomalies of opposite signs on either side of the tropical Paci®c. This variation is mutually coupled with sea surface temperature (SST) variations particularly with warm SST anomalies in the central and eastern Paci®c, known as El NinÄ o events. As an index representing this¯uctua-tion, the Southern Oscillation index (SOI) which is a relative measure of the pressure gradient between Tahiti (18°S, 150°W) and Darwin (12°S, 131°E), is used. During El NinÄ o events, when the SOI has large negative values, there are positive pressure anomalies in the western Paci®c and negative anomalies in the eastern Paci®c, resulting in an anomalously positive eastward gradient of the pressure ®eld, decreasing the normal easterly wind, and increasing AAM (Stefanick, 1982) . Here we use a modi®ed SOI (MSOI), following Chao (1984), i.e. the inverted index (the index multiplied by negative one), for comparative studies with AAM or other related parameters.
The QBO was well known in the atmosphere long before ENSO became a principal focus of studies of interannual variability. However, we should distinguish between the stratospheric and the tropospheric part of the QBO (S-QBO and T-QBO respectively), since it is still not yet clear if a relationship exist between both.
The QBO in the upper atmosphere has been studied since its independent discovery by Reed et al. (1961) and Veryard and Ebdon (1961) . The S-QBO is the most prominent feature in the variability of the equatorial middle and lower stratospheric circulation between 70 and 10 hPa. The S-QBO is characterised by the alternating downward propagation of easterly and westerly wind regimes repeating at quasi-regular intervals of about 27±28 months (Fraedrich et al., 1993) . During half the period, easterlies propagate from the upper stratosphere to the lower stratosphere, and during the other half they are replaced by westerly winds. Both descend at an average rate of about 0.7 km/mo, but the westerlies descend somewhat faster. Both the amplitude and period of the S-QBO are observed to vary from one cycle to the next (e.g. Quiroz, 1981; Angell, 1986; Sasi and Krishna Murthy, 1991) , with periods ranging from 22 to 34 months, and maximum peak-to-peak amplitude at about 20 m/s near 20±30 hPa (see Naujokat, 1986; Swinbank and O'Neill, 1994) . Holton and Lindzen (1972) have explained the S-QBO by processes of momentum deposition due to selective absorption by the stratosphere of tropospheric eastward-propagating Kelvin waves (which gives a westerly acceleration) and westward-propagating Rossby-gravity waves (which give an easterly acceleration). The waves are absorbed in regions of increasing westerlies and easterlies, respectively, causing the wind regimes to descend with time. However, although the theory can explain the time
